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Decommissioning of nuclear and radiation haz-
ardous facilities (NRHF) results in large volumes of 
soil with radioactive and, in some cases, chemical 
contamination [1]—[3].

Operations on the remediation of NRHF sites in-
clude the removal of radioactively contaminated 
soil (RCS) from the sites and its emplacement into 
radioactive waste (RW) disposal facilities. RCS with 
the specific activities of radionuclides being below 
the criterion applied to define the waste as RW [4] is 
referred to restricted-use material, i. e., according 
to relevant regulations its handling requires moni-
toring and demonstration of its radiation safety for 
personnel and the population.

Depending on the amount and properties of spe-
cific contaminants, soil contaminated with chemi-
cals can be referred to industrial waste of various 
hazard classes. In this case, the soil categorization 
process shall be guided by the maximum permissi-
ble concentrations (MPC) established for chemicals 
in soils by SanPiN 1.2.3685-21 [5]. 

Therefore, radioactively and chemically con-
taminated soil requires certain treatment to re-
duce the volume of generated RW and industrial 
waste, which is seen as an urgent task. To address 
this problem, it was recommended to use the hy-
droseparation method resulting in a separated 
granulometric fraction that can be further treated 
by reagent and ultrasonic methods. Such treatment 
can reduce the specific activity of radionuclides to 
a level below the limit considered to refer materials 
to the restricted use category [6] and the chemical 
contamination level below the MPC. Such a granu-
lometric fraction is seen as a target one when soil 
treatment methods are developed.

This study focuses on physical, chemical and ra-
diation characteristics of soils at industrial sites of 
NRHF providing the development of an algorithm 
supporting the experimental demonstration of a 
soil treatment flow chart based on a combination of 
hydroseparation, ultrasonic and reagent treatment 
methods minimizing the RW volumes.
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Experimental part

The study investigated 31 soil samples collected 
from the industrial site of a NRHF.

The study evaluated the following characteristics:
•• radionuclide, chemical, granulometric compo-
sition of soil samples and their granulometric 
fractions;

•• speciation of radionuclides and contaminants in 
fractions.
Soil samples were measured to determine their 

radionuclide composition, which was done via 
gamma [7] and liquid scintillation spectrometry [8], 
their chemical composition was determined based 
on inductively coupled plasma atomic emission 
spectrometry and the granulometric composition 
was evaluated by sieve analysis according to the 
GOST 27707-2007 [9]. 

Speciation of radionuclides and contaminants 
was determined by sequential leaching according 
to a modified Tessier method [10]. The method in-
volves successive treatment of the samples with so-
lutions of various reagents, thus, the compounds of 
chemical elements varying in their mobility can be 
extracted from the solid phase. The following forms 
of soil contaminants were identified: exchangeable, 
carbonate, oxide, organic and tightly bound.

Based on the studied radionuclide and chemical 
soil composition, three characteristic samples (1, 2 
and 3) with radionuclide concentrations exceeding 
the limit set for the unrestricted use of materials 
and those of chemical contaminants exceeding the 
MPC levels were selected.

These samples were used in the experiments to 
select appropriate treatment flowcharts for the 
contaminated soil at the NRHF industrial sites.

The methods tested on laboratory equipment 
provided for the following successive soil treatment 
stages:
•• disintegration in an aqueous medium with stirring;
•• separation on a sieve to separate fractions of over 
3.0 mm;

•• hydroseparation on a laboratory spiral classifier 
to separate fractions in the range of 3.0—0.05 mm 
and less than 0.05 mm.
Soil disintegration was provided by stirring in an 

aqueous medium with a soil : water mass ratio of no 
more than 1 : 1, after which the resulting pulp was 
sent for separation.

The separated soil fractions were washed with 
water, the volume of which was no more than 20 % 
of the pulp amount. The fractions were dried at a 
temperature of 105 °C, then their radionuclide and 
chemical composition was determined.

The target fraction that could be potentially treat-
ed to a level enabling its further unrestricted use 

was determined based on an analysis of fractions 
performed to estimate the amount of contaminants 
and their share in the total soil mass. The studies, 
the methods and stages of which are discussed be-
low, showed that the target fraction corresponded 
to soil fraction with a particle size of 0.05—3.0 mm.

Speciation of contaminants present in the soil 
were studied to select the reagents for its chemical 
treatment. Based on the results obtained, solutions 
of sodium carbonate and sulfuric acid with con-
centrations of 10 g/l and 25 g/l respectively were 
selected.

Then, the target fraction of 0.05—3.0 mm was 
treated according to the following stages:
•• ultrasonic (US) treatment in water;
•• reagent treatment in sodium carbonate solution;
•• US treatment in sodium carbonate solution;
•• reagent treatment in sulfuric acid solution;
•• US treatment in sulfuric acid solution;
•• US treatment sequentially in sodium carbonate 
and sulfuric acid solutions.
Ultrasonic soil treatment was implemented in 

an ultrasonic bath of the VBS-DS brand: the bath 
was filled with water or an appropriate solution at a 
solid : liquid mass ratio of 1 : 2. The soil was treated 
at an ultrasound frequency of 40 kHz and stirred 
at a specific emission power in the bath volume of 
110 W/dm3.

The time required for complete destruction of ag-
gregated particles was determined experimentally: 
throughout the ultrasonic bath operation, a sample 
was removed from the container every 20 minutes 
with a fraction of less than 0.05 mm separated on 
a sieve. The ultrasonic treatment time was consid-
ered sufficient if its accumulation did not exceed 
0.1 % by weight.

After that, each portion was filtered and washed 
with water in an amount of 20 % by weight on a 
sieve with 0.05 mm cells, then dried to a constant 
weight at a temperature of 105 °C and the content 
of radionuclides and chemical contaminants in 
them was measured.

Results and discussion

Tables 1 and 2 present the radionuclide and 
chemical composition of the original soil samples, 
the target fraction and the coefficients showing 
changing concentrations of the contaminants in 
them (the activity ratios for radionuclides and the 
amount of chemical contaminants in the original 
soil and in the target fraction), hereinafter referred 
to as the TF coefficient.

As can be seen from Table 1, the total specific 
activity of transuranic radionuclides (Am, Pu) in 
sample 1 accounted for 190 Bq/kg, therefore, in 
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accordance with [6], the soil could be referred to re-
stricted use material.

Uranium concentration in the soil from sample 3 
accounted for 22 mg/kg. The content of uranium as 
a soil contaminant is not regulated [5], but a stan-
dard has been established for its amount in the 
water of surface water bodies, i.e., no more than 
0.015 mg/dm3. Therefore, uranium concentration 
can be considered as a limiting factor as it comes to 
the soil treatment process. Thus, the effectiveness 
of sample treatment from it was considered in the 
studies. 

All original soil samples with a natural radionu-
clide composition calculated according to the be-
low formula:

	 Аeff = АRa + 1.3·АTh + 0.09·АК < 370 Bq/kg,

show that based on [6], Aeff for them corresponds 
to the following – if the condition is met, no restric-
tions are imposed on soil treatment according to 
the radiation factor.

As can be seen from Table 2, the content of chem-
ical contaminants in soils exceeds the MPC for the 
following indicators: As in sample 3 — by 1.5 times 
and in sample 1 — by 1.1 times, Cu and Zn in sam-
ple 2 — by 1.8 and 1.2 times, respectively.

In accordance with the Criteria Applied to Re-
fer Waste to Hazard Classes I—V According to the 
Negative Impact on the Environment [11] and the 
technical guide discussing the application of the 
Criteria Used to Refer Hazardous Waste to Relevant 

Table 1. Radionuclide composition of the original soil, target fraction and the TF coefficients  
in it after the hydroseparation treatment was completed

Contaminant

Specific activities of radionuclides in samples, Bq/kg

Sample 1 Sample 2 Sample 3

Original soil Target 
fraction 

TF 
coefficient Original soil Target 

fraction 
TF 

coefficient Original soil Target 
fraction 

TF 
coefficient

234Th 145 ± 23 99 ± 18 1.5 180 ± 50 –* – 590 ± 50 220 ± 28 2.7
232Th 30 ± 4 10.5 ± 1.3 2.9 38 ± 7 – – 29 ± 4 – –
226Ra 22 ± 4 15.9 ± 2.5 1.4 31 ± 3 – – 127 ± 9 53 ± 4 2.4

40K 530 ± 60 290 ± 30 1.8 440 ± 50 – – 380 ± 40 280 ± 30 1.4
241Am 120 ± 40 < 21 > 6 – – – – – –
241Pu 40 ± 16 – – – – – – – –

238+239+240Pu 30 ± 10 – – – – – – – –
235U 3.0 ± 0.9 3.9 ± 0.8 0.8 3.6 ± 1.0 – – 19.0 ± 2.3 11.0 ± 2 1.7

*Were not measured since the content of natural radionuclides was similar to sample 1; free of man-made radionuclides.

Table 2. Chemical composition of the original soil, target fraction and the TF coefficients  
in it after the hydroseparation treatment was completed

Contami-
nant

MPC [5], 
mg/kg

Contaminant content in the samples, mg/kg

Sample 1 Sample 2 Sample 3

Original 
soil

Target 
fraction 

TF 
coefficient

Original 
soil

Target 
fraction 

TF 
coefficient

Original 
soil

Target 
fraction 

TF 
coefficient

Co 5* 6.70 3.98 1.7 6.80 4.51 1.5 4.50 5.04 0.9

Ni 80.0 28.0 12.10 2.3 69.5 49.44 1.4 14.4 12.60 1.1

Cu 132.0 20.0 21.87 0.9*** 236 192 1.2 10.1 9.48 1.1

Zn 220.0 55.0 29.63 1.9 254 357.7 0.7 29.9 14.85 2.0

As 10.0 11.0 1.86 6.0 4.74 4.14 1.1 15.1 5.9 2.6

Pb 130.0 22.0 13.97 1.6 32.6 41.43 0.8 7.75 7.38 1.1

Cr 6* 42.0 32.57 1.3 60.0 49.76 1.2 40.0 27.42 1.5

Mn 1500 260 218.80 1.2 344 346.46 1 83.0 74.96 1.1

U 0.015** 4.53 3.05 1.5 3.90 2.50 1.6 22.0 12.98 1.7

* Established for mobile forms of contaminants.
** Established for surface water and drinking water, mg/dm3.

*** TF coefficient less than one means that the concentration of the contaminant in the target fraction is higher.
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Hazard Classes for the Environment [12], the soil 
in all samples was referred to the waste of hazard 
class IV considering their chemical contamination.

All studied samples had similar granulometric 
composition and content of contaminants in their 
fractions. As an example, Figure 1 shows the quan-
titative distribution of granulometric fractions 
and the concentration of contaminating chemical 
elements by fractions in sample 1. Table 3 shows 
the radionuclide composition of the soil sample 
fractions.

In all samples, the fraction of less than 0.05 mm 
amounted to 34—47 % by weight, the one of 0.05—
3.0 mm — to 53—66 % by weight. The fraction of 
less than 0.05 mm had higher concentrations of 
chemical contaminants.

Radionuclide distributions in fractions corre-
spond to those of chemical contaminants. The ac-
tivity mainly accounts for the fraction of less than 
0.05 mm (Table 3), which in case of soil samples 1 
and 3 contains man-made radionuclides in addi-
tion to the natural ones 232Th, 226Ra and 40K: 241Am 
(190 Bq/kg) in sample 1 and 235U (56 Bq/kg) in sam-
ple 3. Nevertheless, the fraction with a particle size 
of 0.05—3.0 mm was selected as the target one: it 
accounted for less than 30 % of contaminants in re-
lation to the soil, but, nevertheless, provided a sig-
nificant share in its total mass. 

The reasoning behind is that the fraction of less 
than 0.05 mm typically consists of clay and silt 
minerals and is poorly amenable to treatment by 
chemical and ultrasonic methods [13]—[19]. On 
the contrary, when it comes to treating the frac-
tion with a particle size of 0.05—3.0 mm that has 
less contaminants, one may achieve a relatively 
high treatment degree, which is confirmed by the 
data on the contaminant speciation found in the 
fractions of less than 0.05 and 0.05—3.0 mm. Thus, 
Figure 2 shows the distribution of As speciation in 
these fractions of Sample 3.

Figure 2 shows that As found in forms amenable 
to extraction from the mineral phase by chemi-
cal treatment is present in the fraction of 0.05—
3.0 mm in an amount of 80 %, while in the fraction 
of less than 0.05 mm its content accounts for 58 %. 
Contaminants in exchange form can be extracted 
by aqueous solutions of electrolytes, those in car-
bonate and oxide forms — by acid solutions, in or-
ganic forms — by oxidizers.

Figure 1. Distribution of granulometric fractions (top) and 
contaminant concentrations in fractions of sample 1 (bottom)

Table 3. Radionuclide composition of soil fractions

Number 
of the 

sample

Particle 
size, mm

Specific activity of radionuclides, Bq/kg

232Th 226Ra 40K 235U 241Am

1 0.05—3 36 ± 16 22 ± 3 540 ± 60 < 3 < 21

< 0.05 50 ± 5 34 ± 4 490 ± 60 7.3 ± 2.9 190 ± 5

3 0.05—3 25 ± 4 53 ± 4 280 ± 30 11 ± 4 –

< 0.05 35 ± 8 260 ± 20 570 ± 80 56 ± 13 –

Figure 2. As speciation distribution in soil fractions 
of sample 3
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The fraction of less than 0.05 mm in sample 3 
contained increased As concentrations (44 mg/kg). 
Reagent treatment of this fraction contributed to a 
decrease in its concentration by no more than 20% 
due to the extraction of contaminants in exchange, 
carbonate and oxide forms and higher MPC in the 
soil (10 mg/kg). On the contrary, the As concentra-
tion in the fraction of 0.05—3.0 mm in sample 3 was 
low (6 mg/kg). Thus, reagent treatment could pro-
vide a 2-fold decrease in its concentration due to 
the extraction of its exchange, carbonate and oxide 
forms. Therefore, the 0.05—3.0 mm fraction was se-
lected as the target one: its treatment could provide 
the required reduction in the content of radionu-
clides and chemical contaminants and some part of 
the soil could be released from regulatory control, 
thereby contributing to lower RW inventory. 

Similar calculations were also performed for oth-
er elements, the distribution of which by speciation 
is shown in Figure 3.

As can be seen from the diagram, Cu and Zn 
are predominantly present in organic and tightly 
bound forms, whereas As (62 %) and U (88 %) oc-
cur in exchange, carbonate and oxide forms. Thus, 
reagent treatment in electrolyte and acid solutions 
is expected to provide low efficiency of Cu and Zn 
extraction from the target fraction of sample 3. On 
the contrary, As concentration can be reduced by 
more than 2 times and the one of U by more than 8 
times due to the extraction of exchange, carbonate 
and oxide forms. Similar results were obtained for 
other chemical contaminants from Table 2.

Under subsequent studies on the reagent treat-
ment of the target fraction, sodium carbonate and 
sulfuric acid were selected as electrolyte and acid 
solutions respectively. This decision can be ex-
plained, in particular, by U ability of forming solu-
ble carbonate and sulfate complexes [16], [17].

Results of the soil target fraction 
extraction by hydroseparation

Hydroseparation method provided the extrac-
tion of the target 0.05—3.0 mm fraction from soil 
samples 1, 2 and 3 in the amount of 54 %, 52 %, 65 % 
by weight, respectively, with the corresponding 
mass reduction factors for the contaminated soil 
that amounted to 2.2, 2.1 and 2.9, respectively. For 
almost all contaminants, the TF factor averaged 
1.5—2 (Tables 1 and 2).

For 241Am in sample 1, it turned to be greater 
than 6. Thus, in the target fraction of 0.05—3.0 mm, 
the specific activity of 241Am turned out to be lower 
than the threshold established for the unrestricted 
use of materials [6].

The TF factor for sample 3 according to 235U ac-
counted for 1.7 with an ultimate U concentration 
of 13 mg/kg.

Upon completing the hydroseparation treat-
ment, MPC in sample 2 were still higher than the 
established thresholds for Cu and Zn — by 1.5 and 
1.6 times, respectively.

Target soil fraction treatment by ultrasonic 
and reagent methods and its results

Table 4 presents the results obtained from the ul-
trasonic treatment of the target fraction in water 
and reagent solutions.

Treatment coefficient (the ratio showing contami-
nant concentration in the target fraction before and 
after treatment) averaged some 2—4. Ultrasonic and 
reagent treatment of the target fraction in solutions 
of sodium carbonate (10 g/l) and sulfuric acid (25 g/l) 
provided higher treatment coefficients, namely, by 
5—10 % as compared to ultrasonic treatment in wa-
ter. Such sequential treatment in these solutions 
provided an additional increase in the coefficient by 
10—15 %. Thus, ultrasonic treatment in reagent so-
lutions was able to provide the highest treatment ef-
ficiency of the target soil fraction. For almost all con-
taminants, the treatment coefficient averaged 3—6.

Sample 2 subjected to ultrasonic treatment in re-
agent solutions showed a decrease in Cu and Zn con-
centrations below the MPC. More than 70 % of U was 
extracted from the target fraction of sample 3. The 
rest of the uranium remained in hard-to-reach forms.

Based on these studies and taking into account 
the differences in the distribution of radioactive 
and chemical contaminants by their speciation, 
comprehensive soil treatment method based on 
the extraction of the target fraction by hydrosepa-
ration followed by ultrasonic treatment in sodium 
carbonate and sulfuric acid solutions could be 
recommended.

Figure 3. Distribution of chemical contaminants 
by their speciation in the target fraction of soil sample 3
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Soil treatment flow chart proposed 
for industrial NRHF sites

The following stages shall be provided for within 
the flow chart proposed for the comprehensive soil 
treatment based on the extraction of the target 
fraction by hydroseparation followed by its ultra-
sonic treatment in sodium carbonate and sulfuric 
acid solutions:
•• loading of soil (material balance is calculated per 
1 ton of soil), separation of gravel fraction of over 
50 mm on the grate of a loading device;

•• disintegration and washing of the original soil 
with recycled water in a scrubber-trommel;

•• separation of a gravel 3—50 mm fraction (0.01—
0.05 t), its reagent treatment in a sodium carbonate 
solution combined with simultaneous ultrasonic 
treatment, washing with water — 0.1 m3, prepara-
tion of a reagent solution based on washing water, 
removal of the spent solution for neutralization;

•• separation of a fraction of less than 0.05 mm, 
separation of a 0.05—3.0 mm fraction (0.4—0.8 t) 
in a classifier, washing with recycled water and 
dehydration;

•• sequential reagent treatment of the 0.05—3.0 mm 
fraction in sodium carbonate and sulfuric acid 
solutions provided simultaneous ultrasonic treat-
ment, rinsing with water;

•• reagent treatment of the 0.05—3.0 mm fraction 
(0.4—0.8 t) in a sodium carbonate solution (10 g/l) 

provided simultaneous ultrasonic treatment, 
washing the fraction with water (0.2 m3), prepa-
ration of a sodium carbonate solution based on 
wash water, spent solution removal for neutral-
ization (0.2 m3);

•• reagent treatment of the 0.05—3.0 mm fraction 
(0.4—0.8 t) in a sulfuric acid solution (25 g/l) pro-
vided simultaneous ultrasonic treatment, washing 
the fraction with clean water (0.2 m3), preparation 
of a sulfuric acid solution based on the wash water, 
spent solution removal for neutralization (0.2 m3);

•• processing of the pulp fraction of less than 
0.05 mm (0.2—0.5 t) with flocculant (3—5 g per 1 kg 
of sediment), thickening of pulp by settling and 
dehydration of soil fraction of less than 0.05 mm 
(0.2—0.5 t) on a filter press;

•• separation of vegetation residues at all treatment 
stages;

•• mutual neutralization of spent sodium carbonate 
and sulfuric acid solutions (0.3—0.5 m3 per 1 ton 
of soil);

•• treatment of clarified solutions by liming, use of 
treated water as recycled water.
Recycled water is used at the disintegration and 

hydroseparation stages: as it becomes contami-
nated, its output does not exceed 1 m3 per 1 ton of 
treated soil.

The products resulting from such treatment are 
fractions of 0.05—3.0 mm and 3—50 mm in an 
amount of 0.5—0.8 tons per 1 ton of treated soil. 

Table 4. Chemical composition of the target 0.05—3.0 mm soil fraction in samples 1, 2 and 3 before  
and after completing the additional treatment

Treatment

Concentration of chemical contaminants in the target soil fraction, mg/kg /  
TF treatment coefficient after the treatment was completed

Sample 1 Sample 2 Sample 3

U As Cu Zn U As Cu Zn U As Cu Zn

Hydroseparation 3.05 1.86 21.9 29.6 2.50 4.1 192 358 12.98 5.90 9.48 14.9

US treatment in water
0.7/ 
4.4

0.90/ 
2.1

8.5/ 
2.6

9.27/ 
3.2

1.44/ 
1.7

1.8/ 
2.3

86.7/ 
2.2

238/ 
1.5

4.1/ 
3.2

4.43/ 
1.3

3.3/ 
2.9

9.18/ 
1.6

6.6* 12.6* 2.3* 6.1* 2.7* 2.5* 2.6* 1.1* 5.4* 3.4* 3.2* 3.2*

Reagent treatment in a carbonate solution 
(10 g/l)

0.66/ 
4.6

0.88/ 
2.1

7.7/ 
2.8

8.18/ 
3.6

1.35/ 
1.9

1.7/ 
2.4

77.8/ 
2.5

216/ 
1.7

3.81/ 
3.4

4.08/ 
1.4

2.89/ 
3.3

8.45/ 
1.8

US treatment in a carbonate solution (10 g/l) 0.63/ 
4.8

0.78/ 
2.4

7.5/ 
2.9

8.08/ 
3.7

1.29/ 
1.9

1.6/ 
2.6

74.1/ 
2.6

205/ 
1.7

3.82/ 
3.4

3.78/ 
1.6

2.74/ 
3.5

7.98/ 
1.9

Reagent treatment in a sulfuric acid solution 
(25 g/l)

0.74/ 
4.1

0.95/ 
2.0

8.76/ 
2.5

9.48/ 
3.1

1.5/ 
1.7

1.9/ 
2.2

89.4/ 
2.1

245/ 
1.5

4.3/ 
3.0

4.67/ 
1.3

3.38/ 
2.8

9.67/ 
1.5

US treatment in a sulfuric acid solution (25 g/l) 0.65/ 
4.7

0.84/ 
2.2

7.7/ 
2.8

8.18/ 
3.6

1.34/ 
1.9

1.6/  
2.6

76.5/ 
2.5

214/ 
1.7

3.78/ 
3.4

3.97/ 
1.5

2.89/ 
3.3

8.39/ 
1.8

US treatment successively in a carbonate 
solution (10 g/l) and a sulfuric acid solution 
(25 g/l)

0.66/ 
4.6

0.87/ 
2.1

7.76/ 
2.8

8.13/ 
3.6

1.36/ 
1.8

1.7/ 
2.4

79.1/ 
2.4

217/ 
1.6

3.85/ 
3.4

4.2/ 
1.4

2.89/ 
3.3

8.51/ 
1.8

6.9* 12.6* 2.5* 6.8* 2.9* 2.6* 2.9* 1.1* 5.8* 3.6* 3.6* 3.6*

* The coefficient showing the reduction of the contaminant content in the target fraction after the hydroseparation treatment was 
completed and the corresponding type of treatment.
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The fraction of over 50 mm is washed with water 
and subject to contamination control.

The resulting dehydrated sediment with a 
fraction size of less than 0.05 mm amounts to 
0.2—0.5 tons per 1 ton of treated soil. This sedi-
ment contains the bulk of contaminants and is 
referred to the waste category requiring special 
handling.

The higher is the reduction in the contaminated 
soil volume, the lower is the content of the fraction 
of less than 0.05 mm in the processed soils and, ac-
cordingly, the amount of waste at the post-treat-
ment stage.

The basic soil treatment flowchart proposed for a 
NRHF site is shown in Figure 4. 

Conclusion

To study the characteristics of soil from a NRHF 
industrial site and to test the algorithm for the ex-
perimental demonstration of a soil treatment flow 
chart based on a combination of hydroseparation, 
ultrasonic and reagent treatment methods, typical 
samples contaminated with Am, Pu and U radionu-
clides were collected, i. e., the materials referred to 
the restricted use category with an excess in the 
MPC levels for such chemical contaminants as As, 
Cu, Zn. 

According to the granulometric composition, 
the soil samples contained a fraction of less than 
0.05 mm in the range of 34—47 % by weight and the 

Figure 4. Schematic representation of a soil treatment flow chart proposed for the industrial sites of NRHF
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one of 0.05—3.0 mm — in the range of 53—66 % by 
weight. It was found that radioactive and chemical 
contaminants were distributed heterogeneously. 
The fraction of less than 0.05 mm contained over 
60 % of contaminants in relation to the total soil 
content and was higher in the contaminant concen-
trations than the fraction of 0.05—3.0 mm. 

This fraction accounts for the target one and is 
separated from the soil by the hydroseparation 
method after completing its disintegration in wa-
ter and mechanical separation on sieves. The co-
efficient demonstrating the reduction of contami-
nated soil mass accounted for 2.2, 2.1 and 2.9 for 
samples 1, 2 and 3, respectively. The coefficients 
showing the reduction in the concentration of soil 
contaminants in the target fraction according to 
241Am amounted to over 6, U — 1.5—1.7, As — 1.1—
6.0, Cu — 1—1.2, Zn — 1—2. According to the spe-
cific activity of 241Am, the target fraction could be 
removed from radiation control. Upon completing 
the hydroseparation treatment, U concentration 
of up to 13 mg/kg still remained in the target frac-
tions of the soil samples, whereas the MPC levels 
were exceeded for Cu (by 1.5 times) and for Zn (by 
1.6 times).

The distribution of contaminant forms in the 
target fraction was evaluated: those present in the 
exchange form (up to 10 %) could be extracted by 
aqueous solutions of electrolytes, those in carbon-
ate and oxide forms (15—60 %) — by acid solutions, 
in the organic form (15—25 %) — by oxidizers.

Sodium carbonate (10 g/l) and sulfuric acid 
(25 g/l) were selected as electrolyte and acid solu-
tions respectively.

As it comes to the target fraction treated based 
on the ultrasonic method, contaminant concen-
trations in the reagent solutions dropped below 
the MPC. The highest treatment coefficients were 
recorded in case of sodium carbonate (10 g/l) and 
sulfuric acid (25 g/l) solutions: for U — 1.9—4.8, 
As — 1.4—2.4, Cu — 2.5—3.3, Zn — 1.7—3.6 (varia-
tion range considering different samples).

Experiments showed that hydroseparation and 
ultrasonic treatment of the target fraction yielded 
the following coefficients demonstrating reduced 
contaminant concentrations in the reagent solu-
tions: U — 2.9—6.9, As — 2.6—12.6, Cu — 2.5—3.7, 
Zn — 1.1—6.8. It should be noted that these values 
are inherent only in this soil and can vary consider-
ably in other cases.

A comprehensive approach for soil treatment at 
industrial NRHF sites was proposed, which was 
based on the target fraction separation by the hy-
droseparation method followed by its ultrasonic 
treatment in sodium carbonate and sulfuric acid 
solutions.

A 2—3-fold reduction in the volume of chemically 
and radioactively contaminated soil similar to the 
composition of the studied samples, is expected 
from the treatment of the 0.05—3.0 mm soil frac-
tion to a level below the MPC established for con-
taminant concentrations and its assignment to the 
category of materials subject to unrestricted use 
according to the radionuclide contamination levels.

Thus, an algorithm supporting the experimental 
justification of a process flow chart proposed for 
soil treatment has been tested, in particular:
•• soil samples are studied to specify their radionu-
clide, chemical and granulometric composition;

•• contaminant speciation is identified;
•• the target fraction characterized by the smallest 
contaminant inventory and accounting for a con-
siderable portion according to the total soil mass 
is identified;

•• target fraction is selected with an experimental 
confirmation provided to demonstrate the need of 
its subsequent processing to meet the standards 
established for contaminant concentrations;

•• parameters relevant for the soil treatment process 
are set. 
The next stage in the development of the soil 

treatment approach provides for the proposed flow 
chart verification based on bench and pilot indus-
trial tests that are supposed to refine the process 
parameters, including the material balance of the 
media at each treatment stage, treatment coef-
ficients and the attained reduction as regards the 
contaminated soil volume. These tests are expected 
to provide the initial data required for the develop-
ment of a full-fledged treatment facility that would 
treat the soils from industrial NRHF sites.
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